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FATTY ACIDS AS REGULATORS OF HIPPOCAMPAL NEUROGENESIS:  
THE CASE OF GPR40 
Anton B. Tonchev 
Division of Cell Biology, Medical University, Varna, Bulgaria
The hippocampus of adult mammals including humans continues to generate neurons throughout life. The neural stem/progeni-
tor cells, the cellular phenotype responsible for this regenerative capacity, are a subject of intensive research focused on the 
mechanisms of their regulation. Intriguing recent data implicate an unexpected molecular player in this regulation: free fatty 
acids. Polyunsaturated fatty acids (PUFA) such as docosahexaenoic and arachidonic acids were identified to act on the pancreas
via a novel receptor, named  G-protein coupled receptor 40 (GPR40). However, the pancreas appears not to be the single tar-
get organ of PUFA/GPR40 actions. Very recent findings have discovered GPR40 expression in the hippocampal dentate gyrus,
including its progenitor cell niche responsible for neuronal renewal throughout life. These data open a possibility that PUFA 
may regulate adult hippocampal neurogenesis and thus become a therapeutic tool to treat neurological disorders in humans. 
Biomed Rev 2007; 18: 69-73.
INTRODUCTION
Тhe adult brain preserves albeit limited regenerative capac-
ity to regenerate its neurons via multipotent cells named 
neural stem/progenitor cells (1). The process of neuronal 
generation by these cells in the adult brain is designated adult 
neurogenesis, and at present it is widely recognized to occur 
in two regions of the mammalian central nervous system 
(CNS), one of these being the hippocampal dentate gyrus 
(2). The dentate gyrus harbors progenitor cells located in its 
subgranular zone (SGZ), a thin band of tissue adjacent to the 
innermost layer of granule neurons (2). Numerous molecular 
signals have been identified to modulate SGZ neurogenesis
(3). Here we shall provide evidence suggesting the existence 
of a new player in the molecular framework regulating pro-
genitor cells in the adult hippocampus: the polyunsaturated 
fatty acids (PUFA). Fatty acids such as PUFA are able to bind 
and activate a cell membrane receptor known as G-protein 
coupled receptor 40 (GPR40). This signaling system is clas-
sically known for its effects on insulin secretion from the 
β-cells of the pancreas (4,5). However, there might be more 
than that. In addition to the pancreas, the receptor GPR40 
is also expressed by various cell types within the CNS of 
adult monkeys (6), and PUFA supplementation improves 
memory in humans (7). Given the emerging link between 
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memory and hippocampal neurogenesis (8,9), it is tempting 
to investigate the possible involvement of PUFA/GPR40 
signaling in this process. Below we shall summarize and 
discuss this putative link.
INVOLVEMENT OF PUFA IN NEURAL FUNCTIONS
PUFA make up to 20% of the brain’s dry weight and are 
critical for the normal brain development, maintenance of 
the membrane structure and the neuronal function (10,11). 
Omega-6 fatty acid such as arachidonic acid [20:4(n-6)] and 
omega-3 fatty acids such as docosahexaenoic acid [22:6(n-
3)] are known to have an important role for the hippocampal 
long-term potentiation and cognitive function of mammals 
(12). Arachidonic acid preserves membrane fluidity of 
hippocampal neurons (12) and shows antiapoptotic effect 
on neural apoptosis (13). Although abundant in the brain, 
docosahexaenoic acid cannot be synthesized by neurons 
and has to be supplied by the cerebrovascular endothelium 
and astrocytes (14). Docosahexaenoic acid enhances neurite 
outgrowth of hippocampal and cortical neurons and rat clonal 
pheochromocytoma (PC12) cells in culture (15-17). Further, 
it is likely that PUFA are incorporated into the neuronal 
membranes to influence the quarternary structure of receptors 
and transporters (18,19). 
 In the brain, arachidonic acid is preferentially esterified on 
sn-2 position of phosphatidylinositol or phosphatidylcholine 
(20). After its release from phospholipids by phospholipase A2, 
arachidonic acid enters an unesterified brain pool predominant-
ly located at synapses (20). This endogenous pool is a precursor 
for conversion to eicosanoids including prostaglandins, 
leukotrienes, thromboxanes, or hydroxyeicosatetraenoic 
acids, and does not directly exchange with arachidonic acid 
in plasma. In contrast, the exogenous unesterified arachidonic
acid from plasma is not converted to eicosanoids, and diffuses, 
by binding to fatty acid-binding proteins (FABPs), to the 
pool at the endoplasmic reticulum (20), and from there, it can 
exchange with arachidonic acid in plasma.
 FABPs belong to the conserved multigene family of the 
intracellular lipid-binding proteins having molecular masses 
around 15 kDa, and are ubiquitously expressed in various 
vertebrate tissues in a specific manner. The FABPs are in-
volved in cellular uptake and transport of PUFA, targeting 
of them to specific metabolic pathways. Brain-type FABP, 
also called FABP7, is present in the brain and retina, and 
is characterized by its strong affinity for n-3 PUFA, and in 
particular - docosahexaenoic acid (21). FABP7 is possibly 
involved in neurogenesis as it is strongly expressed in radial 
glia cells, a major type of progenitor cells in the developing 
CNS (22-24). 
 Overall, despite the fact that the precise mechanisms of 
PUFA-mediated modulation of neuronal function still remains 
obscure, PUFA appear to possess multiple neural effects im-
plicating them as diverse CNS regulators. 
THE RECEPTOR GPR40
The last decade has witnessed the identification of an increasing 
number of orphan receptors with unknown functions. Among 
them, the G-protein coupled receptors (GPRs) are a member 
of the large family of seven-transmembrane receptors, and 
are known to play important physiological roles in response 
to a large variety of molecules, including free fatty acids 
such as PUFA. In particular, fatty acids have been identified
to bind the GPR members GPR40 and GPR41-43 (4,5,25). 
Along with GPR41-43, GPR40 was identified downstream
of CD22 on human chromosomal locus 19q13.1 (26). Sub-
sequent studies demonstrated GPR40 mRNA expression in 
human tissues including pancreas and brain, and reported its 
activation by long chain FFA (4,5). In the pancreas, GPR40 
affects insulin secretion (5,25,27,28), but its involvement in 
the CNS remained unknown at the time. Fatty acid carbon 
chain length has been shown to confer activity and specificity,
with short-chain fatty acids (defined by six or fewer carbon 
molecules) activating GPR41 and GPR43, and both saturated 
and unsaturated medium to long-chain fatty acids activating 
GPR40 (4,5,25,29). Medium and long chain saturated and 
unsaturated fatty acids can activate GPR40 in a dose-dependent 
manner (4). This expression pattern clearly differentiates 
GPR40 from GPR41/GPR43 (29), suggesting that the function 
of GPR40 is probably divergent from the function of GPR41 
and GPR43. Overall, there was a possibility that PUFA may 
act as extracellular signaling molecules, regulating function 
via membrane GPR40 receptor in various tissues, including 
not only of the pancreas but also of the brain.
EXPRESSION OF GPR40 IN THE BRAIN
Quantitative mRNA analysis assays had identified GPR40
expression in RNA samples from human tissues including 
pancreas and brain (4,5). However, detailed data on the 
GPR40 expression in the CNS of mammals were unavailable 
until recently. Using a novel antibody, we were the first to
show GPR40 protein expression in diverse locations of the 
adult monkey CNS (Table 1) (6). GPR40-positive cells were 
neurons or astrocytes, suggesting a role of the receptor in both 
neuronal and astroglial biology.
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EXPRESSION OF GPR40 IN HIPPOCAMPAL PROGENITOR 
CELL NICHE
Identifying GPR40 protein in adult monkey hippocampus, we 
focused our next analyses on the hippocampal progenitor cell 
niche, a location of continuous neuronal production throughout 
life (1,2). Neurogenesis in the hippocampus is thought to be 
tightly associated with angiogenesis (30,31). We thus explored 
whether GPR40 is expressed by blood vessels in the SGZ of 
the dentate gyrus, the site of active stem/progenitor cell prolif-
eration. Indeed, co-labeling studies revealed GPR40 signal in 
vascular wall (32). Using cell type-specific markers (33), we
explored the cellular phenotypes comprising the SGZ precur-
sor cell niche for their putative expression of GPR40 – neural 
progenitors, immature neurons, SGZ astrocytes, and granule 
cell neurons. We detected GPR40 expression in a type-specific
manner (32), and thus were able to construct a map of the puta-
tive sites of action of PUFA in the dentate gyrus (Fig. 1).
Table 1. Localization of GPR40 protein in adult monkey brain 
(based on ref. 6)
• Spinal cord (gray matter, white matter, pia)
• Cerebellum (Purkinje cell layer, granule cell layer)
• Neocortex (layers 2-5)
• Hippocampal formation  
(cornu Ammonis, dentate gyrus)
• Hypothalamus
• Amygdala









Figure 1. The cellular composition of the adult hippocampal progenitor niche, and the phenotypes expressing GPR40. SGZ, 
subgranular zone (based on ref. 32).
PUFA/GPR40 AS A PUTATIVE SIGNALING SYSTEM IN THE 
BRAIN 
Similarly to the Ca++- mobilizing effect of PUFA upon 
binding GPR40 in the pancreas, signal transduction of the 
PUFA/GPR40 axis was detected in neural cells. Using PC12 
cell system, it was observed that the PUFA arachidonic and 
docosahexaenoic acids were able to increase intracellular 
Ca++ only upon transfection of GPR40 in the PC12 cells (34). 
Another piece of evidence came for studies in aged human 
volunteers in whom dietary supplementation with arachidonic 
and docosahexaenoic acids lead to improvements of cognitive 
functions, including hippocampus-dependent memory (35). 
Although the latter effects could be due to synaptic plasticity 
(36) rather than neuronal generation, the event of neurogenesis 
driven cognitive improvements by PUFA/GPR40 mechanisms 
might also be considered. 
CONCLUSION
Three lines of evidence indicate that an involvement of PUFA/
GPR40 system in adult neurogenesis and/or memory may 
be considered: (i) GPR40 is a membrane receptor for PUFA 
such as arachidonic and docosahexaenoic acids, (ii) GPR40 
is expressed by cells in the hippocampal progenitor cell niche 
including the precursor cells themselves, and (iii) PUFA may 
signal in neural cells via GPR40 and PUFA supplementation 
improves hippocampus-dependent memory in which neuro-
genesis is thought to be involved. Future studies will provide 
direct evidence whether PUFA may affect cognitive functions 
via activating neurogenesis, and furthermore, whether PUFA 
acting via GPR40 may be useful tools in cellular therapies for 
neurological disorders.
72
Biomed Rev 18, 2007
Tonchev
ACKNOWLEDGEMENTS
The collaboration of Dr Tetsumori Yamashima, Kanazawa 
University, Japan is greatly appreciated. 
REFERENCES
1. Gage FH. Mammalian neural stem cells. Science 2000; 
287: 1433-1438.
2. Gage FH, Kempermann G, Palmer TD, Peterson DA, Ray 
J. Multipotent progenitor cells in the adult dentate gyrus. 
J Neurobiol 1998; 36: 249-266.
3. Grote HE, Hannan AJ. Regulators of adult neurogenesis 
in the healthy and diseased brain. Clin Exp Pharmacol 
Physiol 2007; 34: 533-545.
4.  Briscoe CP, Tadayyon M, Andrews JL, Benson WG, 
Chambers JK, Eilert MM, et al. The orphan G protein-
coupled receptor GPR40 is activated by medium and long 
chain fatty acids. J Biol Chem 2003; 278: 11303-11311.
5. Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, et 
al. Free fatty acids regulate insulin secretion from pancreatic 
beta cells through GPR40. Nature 2003; 422: 173-176.
6. Ma D, Tao B, Warashina S, Kotani S, Lu L, Kapla-
madzhiev DB, et al. Expression of free fatty acid receptor 
GPR40 in the central nervous system of adult monkeys. 
Neurosci Res 2007; 58: 394-401.
7.  Kotani S, Sakaguchi E, Warashina S, Matsukawa N, 
Ishikura Y, Kiso Y, et al. Dietary supplementation 
of arachidonic and docosahexaenoic acids improves 
cognitive dysfunction. Neurosci Res 2006; 56: 159-164.
8.  Aimone JB, Wiles J, Gage FH. Potential role for adult 
neurogenesis in the encoding of time in new memories. 
Nat Neurosci 2006; 9: 723-727. 
9.  Becker S, Wojtowicz JM. A model of hippocampal 
neurogenesis in memory and mood disorders. Trends Cogn 
Sci 2007; 11: 70-76.
10.  Contreras MA, Greiner RS, Chang MC, Myers CS, Salem 
N Jr, Rapoport SI. Nutritional deprivation of alpha-
linolenic acid decreases but does not abolish turnover 
and availability of unacylated docosahexaenoic acid and 
docosahexaenoyl-CoA in rat brain. J Neurochem 2000; 
75: 2392-2400.
11.  Lapillonne A, DeMar JC, Nannegari V, Heird WC. The 
fatty acid profile of buccal cheek cell phospholipids is a
noninvasive marker of long-chain polyunsaturated fatty 
acid status in piglets. J Nutr 2002; 132: 2319-2323.
12.  Fukaya T, Gondaira T, Kashiyae Y, Kotani S, Ishikura Y, 
Fujikawa S, et al. Arachidonic acid preserves hippocampal 
neuron membrane fluidity in senescent rats. Neurobiol 
Aging 2007; 28: 1179-1186.
13. Kim HY, Akbar M, Lau A, Edsall L. Inhibition of neuronal 
apoptosis by docosahexaenoic acid (22:6n-3). Role of 
phosphatidylserine in antiapoptotic effect. J Biol Chem 
2000; 275: 35215-35223.
14. Moore SA. Polyunsaturated fatty acid synthesis and 
release by brain-derived cells in vitro. J Mol Neurosci 
2001; 16: 195-200.
15. Calderon F, Kim HY. Docosahexaenoic acid promotes 
neurite growth in hippocampal neurons. J Neurochem 
2004; 90: 979-988.
16. Cao D, Xue R, Xu J, Liu Z. Effects of docosahexaenoic 
acid on the survival and neurite outgrowth of rat cortical 
neurons in primary cultures. J Nutr Biochem 2005; 16: 
538-546.
17. Kawakita E, Hashimoto M, Shido O. Docosahexaenoic 
acid promotes neurogenesis in vitro and in vivo. Neuro-
science 2006; 139: 991-997.
18. Bourre JM, Dumont O, Piciotti M, Clement M, Chaudière 
J, Bonneil M, et al. Essentiality of omega 3 fatty acids for 
brain structure and function. World Rev Nutr Diet 1991; 
66: 103-117.
19. Beltz BS, Tlusty MF, Benton JL, Sandeman DC. Omega-3 
fatty acids upregulate adult neurogenesis. Neurosci Lett 
2007; 415: 154-158.
20. Rapoport SI. In vivo approaches to quantifying and 
imaging brain arachidonic and docosahexaenoic acid 
metabolism. J Pediatr 2003; 143: S26-S34.
21.  Haunerland NH, Spener F. Fatty acid-binding proteins – 
insights from genetic manipulations. Prog Lipid Res 2004; 
43: 328-349.
22.  Feng L, Hatten ME, Heintz N. Brain lipid-binding protein 
(BLBP): a novel signaling system in the developing 
mammalian CNS. Neuron 1994; 12: 895-908.
23.  Kurtz A, Zimmer A, Schnutgen F, Bruning G, Spener F, 
Muller T. The expression pattern of a novel gene encoding 
brain fatty acid binding protein correlates with neuronal 
and glial cell development. Development 1994; 120: 2637-
2649.
24.  Anthony TE, Klein C, Fishell G, Heintz N. Radial glia 
serve as neuronal progenitors in all regions of the central 
nervous system. Neuron 2004; 41: 881-890.
25.  Kotarsky K, Nilsson NE, Olde B, Owman C. Progress 
73
Biomed Rev 18, 2007
Fatty acid receptor GPR40 and neurogenesis
in methodology. Improved reporter gene assays used to 
identify ligands acting on orphan seven-transmembrane 
receptors. Pharmacol Toxicol 2003; 93, 249-258.
26. Sawzdargo M, George SR, Nguyen T, Xu S, Kolakowski 
LF, O’Dowd BF. A cluster of four novel human G protein-
coupled receptor genes occurring in close proximity to 
CD22 gene on chromosome 19q13.1. Biochem Biophys 
Res Commun 1997; 239: 543-547.
27. Salehi A, Flodgren E, Nilsson NE, Jimenez-Feltstrom 
J, Miyazaki J, Owman C, et al. Free fatty acid receptor 
1 (FFA(1)R/GPR40) and its involvement in fatty-acid-
stimulated insulin secretion. Cell Tissue Res 2005; 322: 
207-215.
28. Steneberg P, Rubins N, Bartoov-Shifman R, Walker MD, 
Edlund H. The FFA receptor GPR40 links hyperinsulinemia, 
hepatic steatosis, and impaired glucose homeostasis in 
mouse. Cell Metab 2005; 1: 245-258.
29. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, 
Tcheang L, Daniels D, et al. The Orphan G protein-
coupled receptors GPR41 and GPR43 are activated by 
propionate and other short chain carboxylic acids. J Biol 
Chem 2003; 278: 11312–11319.
30. Palmer TD, Willhoite AR, Gage FH. Vascular niche for 
adult hippocampal neurogenesis. J Comp Neurol 2000; 
425: 479-494.
31. Palmer TD. Adult neurogenesis and the vascular Nietzsche. 
Neuron 2002; 34: 856-858.
32. Ma D, Lu L, Boneva NB, Warashina S, Kaplamadzhiev 
DB, Mori Y, et al. Expression of free fatty acid receptor 
GPR40 in the neurogenic niche of adult monkey hippo-
campus. Hippocampus 2008; 18: 326-333.
33. Tonchev AB, Yamashima T, Zhao L, Okano HJ, Okano 
H. Proliferation of neural and neuronal progenitors after 
global brain ischemia in young adult macaque monkeys. 
Mol Cell Neurosci 2003; 23: 292-301.
34. Yamashima T. A putative link of PUFA, GPR40 and adult-
born hippocampal neurons for memory. Prog Neurobiol 
2008; 84: 105-115.
35. Kotani S, Sakaguchi E, Warashina S, Matsukawa N, 
Ishikura Y, Kiso Y, et al. Dietary supplementation of ara-
chidonic and docosahexaenoic acids improves cognitive 
dysfunction. Neurosci Res 2006; 56: 159-164.
36. Kotani S, Nakazawa H, Tokimasa T, Akimoto K, 
Kawashima H, Toyoda-Ono Y, et al. Synaptic plasticity 
preserved with arachidonic acid diet in aged rats. Neurosci 
Res 2003; 46: 453-461.
